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Abstract 
The selective laser melting process features a nearly incomparable freedom of design. But its potential is still limited due to 
remaining porosity, cracking, distortion,  low build-up rates and a limited range of materials. While there is some progress in 
process control and multiple parallel scan fields to tackle these issues, the potential of synchronized multibeam strategies has not 
yet been investigated. The presented synchronized multibeam approach is characterized by two widely overlapping scan fields 
fed by two independent laser sources that can be controlled to work in a synchronized manner with or without a defined offset. 
This allows a selective manipulation of the local temperature field and thus of melt pool dynamics, the temperature gradients and 
cooling rates, which are all influencing the processes’ porosity, cracking and distortion behavior. Therefore the influences of 
these strategies on the melt pool dimensions and dynamics as well as the temperature gradients are investigated in this work. 
Copyright line will appear here. 
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH. 
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1. Introduction 
Additive manufacturing offers the chance to design functional optimized parts with only little restrictions and 
thus is of rapidly increasing importance to various industry sectors. Selective laser melting (SLM) as one of these 
additive manufacturing technologies especially fulfills the needs of industry since it enables the manufacturing of 
metal parts of various materials. Stainless steels (e.g. Lima et al. 2014), nickel-based superalloys (e.g. Cloots et al. 
2016), titanium alloys (e.g. Zhang et al. 2014), aluminum alloys (e.g. Buchbinder et al. 2011) and more alloys have 
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already been processed to an equally high density as casted parts but of previously unreachable complexity and 
freedom of design. But for now there are several issues which limit the fields of application. These issues can 
basically be summarized to the criteria of surface quality, robustness and productivity. In terms of robustness SLM 
tends to result in porous parts, interlayer bonding errors due to insufficient melting and hot and cold cracking as well 
as distortion due to high temperature gradients and fast cooling rates (Val Belle et al. 2013).  
1.1. Simulation of Selective Laser Melting 
To overcome these drawbacks several simulation models have been established to get a more detailed 
understanding of the process dynamics of the selective laser melting process and therefore to derive optimization 
strategies from these calculations. The focus of simulation based research in SLM is split into two main approaches 
(Schoinochoritis et al. 2015). One is focusing on residual stresses and therefore usually utilize finite element 
methods. Recent models tend to construct the layerwise irradiation from single and multi-line simulations and take 
them as one loading per layer. As a consequence of a sequence of punctual, local oder layerwise thermal loads the 
residual stresses are calculated for the whole part (Papadakis et al. 2014). But there are some models which simulate 
track after track to predict the part’s residual stresses as well (Pal et al. 2015) or just a single track as a first indicator 
(Hussein et al. 2013). The second approach takes a deeper look into melt pool dynamics in consequence of surface 
tension, Marangoni effect and evaporation but neglecting the thermomechanical stresses because these fluid 
dynamic related effects got a more microscopic scale and thus need more detailed meshes for an appropriate 
simulation. Simple models of this approach elaborate volume heat sources and temperature dependent material 
properties but neglect the melt pool dynamics (Roberts et al. 2009 & Verhaeghe et al. 2009). More detailed models 
like the one of Dai & Gu (2015) are considering most of the previously mentioned physical effects but consider the 
power bed as a continuum. Furthermore a very detailed model has recently been published by Khairallah et al. 
(2016) modeling every single powder particle and thus resulting in high calculation times but showing the 
importance of the fluid dynamic related aspects regarding the melt pool geometry and therefore the process 
robustness (also see King et al. 2015). In this study an approach of a homogeneous powder bed and a representation 
of various physical effects are used to significantly reduce the calculation times but to still enable a detailed view 
into process dynamics by considering multiple physical effects in the melt pool. 
1.2. Multibeam Processing 
Today multibeam strategies for the selective laser melting process are usually considered to be parallel strategies, 
meaning multiple beams are used to independently melt on separate scan fields with a small overlap to improve 
productivity (Wiesner & Schwarze 2014) but the use of multiple beams to improve robustness, part quality and the 
range of usable materials is rarely investigated. Wilkes et al. (2011) used a second, static high power laser in 
addition to the melting laser to heat the building chamber and therefore to reduce temperature gradients as well as 
the residual stresses. Weingarten et al. (2015) used just one beam but scan the part two times to dry the aluminum 
powder bed in the process previous to melting to reduce the amount of hydrogen porosity and Abe et al. (2001) used 
a second moving beam in a simple test to selectively reduce the cooling rates and thus influence the microstructure 
whith promising results. Therefore this study focuses on the simulation of synchronized multibeam strategies, which 
could be established using two indepent lasers and beam deflection units, to evaluate the influence of these strategies 
regarding the temperature field and melt pool dynamics prior to implementation. 
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Nomenclature 
A area 
cp specific heat capacity 
dpp diameter of powder particle 
hpl powder layer heigth  
n inward normal 
n* outward normal 
Q amount of heat 
t time step index 
T temperature 
V volume 
į(ĭ) surface indicator function 
ț surface curvature 
Ȝ optical thickness 
ȡ density 
ȡpl relative density of powder layer 
2. Modeling 
The computational model elaborates a temperature field calculation that is interconnected with a melt pool 
dynamics calculation using a weak coupling. The model consists of cubic elements which can be categorized 
regarding their state, meaning powder, solid, liquid or gaseous. The effects of temperature dependent material 
properties, thermal conduction, convection and radiation, buoyancy and capillary forces, the Marangoni effect as 
well as evaporation and recoil pressure are considered to ensure a detailed representation of the selective laser 
melting process. For the evaluation of the strategies’ influences simulations of single tracks are performed in which 
a single track is molten right next to a previously solidified line and therefore imitating a multi track experiment. 
2.1. Powder Bed 
The initial configuration of the powder bed is realized as homogeneous partly filled elements, whereas the filling 
degree can change due to melting and consolidation of the elements as shown in Fig. 1. Therefore the material 
properties are weighted by the filling degree. 
This weighting of material properties is used for all properties but the thermal conductivity because studies of Sih 
& Barlow (2004) show that the conductivity of the powder bed is far less due to small contact areas. The 
homogeneous approach allows a good level of detail for comparably low calculation times since the element sizes 
can be set to higher values than for the representation of every single powder particle.  
The temperature dependency of material properties is represented using piecewise interpolation for the material 
properties of 316L using the information of the IAEA (2008). The melting, solidifying as well as the evaporation are 
realized using a separated consideration of the heat of fusion and evaporation which apply when the solidus, liquidus 
and evaporation temperature respectively are reached. The heat of fusion is distributed over the temperature range 
between solidus and liquidus temperature while the consideration of evaporation is set to the pressure dependend 
evaporation temperature. The values used for the simulation of 316L are listed in Table 1. 
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                Table 1. 316L material parameters. 
Parameter 25 °C 1400 °C 1450 °C 2800 °C  
Specific Heat Capacity [J/kg K] 450 700 707 900  
Thermal Conductivity [W/m K] 13.3 33.78 18.1 22.2  
Surface Tension [N/m]   1.76 0.41  
Dynamic Viscosity [Pa s]   0.0059 0.0014  
Heat of Fusion [J/kg]     270000 
Heat of Evaporation [J/kg]     7450000 
Hemispherical Reflectance     0.64 
2.2. Temperature Field 
The temperature field calculation uses a finite differences scheme considering the energy input due to laser 
absorption, the energy exchange due to conduction and melt advection as well as the energy loss due to convection, 
radiation and evaporation: 
 
(1) 
 
 
The absorption model elaborates the physical equation proposed by Gusarov et al. (2009) in which the optical 
thickness is calculated as follows.  
 
 
        (2) 
 
Numerical adjustments at the optical thickness are made to allow a more detailed representation of the different 
areas in and around the melt pool by considering the current configuration of every element stack for the calculation 
of the values of powder layer heigth and relative powder layer density as illustrated in Fig.1. 
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2.3. Meltelt Pool Dynamics 
For the calculation of melt flow a combined level set volume of fluid (CLSVoF) method is elaborated in 
combination with a pressure implicit splitting of operators (PISO) solver in accordance with the publications of Son 
(2005), Son & Hur (2002) and Issa (1986) and adjusted to match the challenges of multiple not completely filled 
elements which result from the initial configuration until the melt consolidates. In the CLSVoF method a level set 
method is used to identify the melt pool boundaries while the volume of fluid method is elaborated to guarantee the 
conservation of mass while advecting material from element to element. The PISO solver calculates the melt flow 
by solving the momentum equation in a splitwise general transportation approach using a double correction scheme. 
The forces considered in the momentum equation cover the buoyancy Fbou and capillary forces Fcap as well as the 
forces due to the Marangoni effect Fmar and recoil pressure Frec and are listed in equations (3) to (6). The surface 
reconstruction is established in a piecewise linear manner for the calculation of normals. 
 
     (3) 
     (4) 
     (5) 
       (6) 
 
3. Synchronized Multibeam Strategies 
3.1. Layerwise synchronized 
Layerwise synchronized strategies are layerwise synchronizations in which one beam is used to melt the material 
as usual while the second beam is used to heat the whole part to establish a homogeneous temperature field and 
therefore aiming for a reduction of residual stresses by lowering temperature gradients. The strategy is illustrated in 
Fig. 2 in comparison to the spatially synchronized strategies. Furthermore the melting can be improved due to the 
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Fig. 1. Illustration of the determination of layer heigths for the calculation of optical density. Material is illustrated gray. 
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additional heat input and the cooling rates can be manipulated partwise and therefore the microstructure evolution 
can be influenced. To guarantee a quasi homogeneous temperature field the second beam should be characterized by 
a larger spot size and much higher scan speeds than the first beam so that the part is scanned multiple times while 
the first beam melts the defined cross section. 
This strategy can comparibly easy be implemented since the second beam does not need to hit the exact same 
spot as the melting laser does. For the computational evaluation the layerwise synchronized strategy will be 
represented as higher starting temperatures in the simulation model. 
3.2. Spatially synchronized 
The spatially synchronized strategies are characterized by a defined offset of both beams to each other. Therefore 
these strategies are defined by a synchronization of the beam movements and require an accurate calibration all over 
the base plate to guarantee the defined offsets. Using two beams with a defined offset the intensity profile can be 
adjusted to fit various needs. While an offset in scanning direction can be used for drying and presintering or the 
adjustment of cooling rates and temperature gradients in the vicinity of the melt pool tail, an offset in lateral 
direction can be used to influence the melt pool cross sections to be wider and therefore to increase the connection to 
previous layers and possibly increasing the energy utilization for melting by overlapping the outermost regions of 
the Gaussian profiles so that these result in melting as well. The second laser can also be used to heat up stripes 
aside the main scanning line to induce closing stresses. 
For the simulation of these strategies two beams of same size are placed in defined offsets to each other and 
being moved along the scanning vector. The use of two beams of different sizes is possible as well but is not 
considered in this work.  
4. Results and Discussion 
The simulations are conducted for the stainless steel 316L using the same parameter sets for all simulations. In 
case of the spatially synchronized strategies the offsets and power distributions between the two lasers are varied but 
the overall input power is kept constant. For layerwise synchronized strategies the starting temperature is increased, 
imitating the heating of a second, much faster beam. The parameters are listed in Table 2. 
  
Fig. 2. Illustration of layerwise and spatially synchronized scanning strategies. 
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      Table 2. Simulation parameter overview. 
Parameter Value Unit 
Scan speed 1150 [mm/s] 
Overall power 200 [W] 
Focus diameter 90 [μm] 
Layer thicknes 30 [μm] 
4.1. Melt Pool Dimensions 
The knowledge of melt pool dimensions is of crucial importance since the overlap from one line to the next and 
from one layer to another has to be wide enough to prevent defects which increase porosity. Furthermore insufficient 
remelting increases the chance for balling during the cooling of the melt pool tail. Fig. 3 shows the simulated 
remelting depth and width for spatially synchronized strategies with a beam offset of 0.25 to 1 times the beam 
diameter. 
 
It shows that the remelted depths are continuously decreasing for increasing beam offsets. For offsets in scanning 
direction it has to be related to a longer interaction time of the same energy amount, meaning the input power is 
distributed over a wider area and therefore the maximum intensity decreases and the time to conduct energy away 
from the melt pool increases as well. The remelting depth is strongly influenced by this effect since the maximum 
depth is related to the recoil pressure which increases for higher intensities. It has to be pointed out that the 
remelting depth at a beam offset of 0.25 times the beam diameter is larger than the one of the reference single beam. 
This needs a closer look into the melt pool dynamics because it cannot be explained by intensities or interaction 
times alone. 
The strong decrease of the remelting depth in case of the lateral beam offset is a result of the decreasing energy 
density. But because the energy is distributed over a wider area perpendicular to the scanning direction the remelting 
width increases with increasing lateral beam offsets. Furthermore the geometry changes significantly from a single 
bell like melt pool at low offsets to a flat and wide melt pool at offsets of about half the beam diameter to a double 
peak melt pool at higher offsets.  
 
The results of the simulation for different starting temperatures of the layerwise synchronized strategies are 
illustrated in Fig. 3 as single beam simulations at higher ambient temperatures. Since the starting temperature is 
higher, less energy is needed to melt the material and thus the remelting depth and width increase with growing 
starting temperatures, meaning a more powerful heating of the whole part by the second beam. 
  
Fig. 3. Simulation results regarding remelted depth and width of the melt pool for both spatially and layerwise synchronized strategies. Layerwise
synchroniezed simulations are represented by the lines of higher starting temperatures. 
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4.2. Melt Pool Dynamics 
The melt pool dynamics of layerwise synchronized strategies are not much different to those using a single beam 
if the short time of overlapping is neglected. Naturally the higher starting temperatures influence the melt pool 
dimensions due to the fact that less energy is needed to reach the melting point. But the influence of the melt pool 
dynamics is small since it ist strongly driven by the recoil pressure. Compared to that the use of a defined offset 
strongly influences the melt pool dynamics in comparison to a single beam. This is mostly due to a change in the 
area in which evaporation takes place. As Fig. 4 illustrates for a small offset in scanning direction the evaporation 
related vortex in the front of the melt pool is enlarged by the second beam’s evaporation of material. This second 
evaporation area prevents the first vortex to close right after the first beam but pushes the melt deeper down so that 
the heat is more effectively transported to the unmolten material. If the offset is large enough so that both 
evaporation areas do not overlap a wave like surface shape is generated in which a maximum of melt is surrounded 
by a minimum in the front of the melt pool and one to the back of it. The maximum is generated by the two colliding 
upward streams of both evaporation related vortices. The same effects occur for lateral offsets so that the melt pool 
cross sections are influenced as previously shown. 
Fig. 4. Illustration of the melt flows in longitudinal section for a) the 200W single beam and two 100W/100W laser beams with offsets of b) 0.25 
times and c) 1 times the focus diameter. 
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4.3. Temperature Gradients 
Temperature gradients are a good indicator for resulting stresses because they are directly influencing these by 
the temperature gradient mechanism (Munsch 2013). The plotted temperature gradients are taken as the component 
perpendicular to scanning direction of the solid uppermost elements of the previous layer. As Fig. 5 shows the 
temperature gradients can significantly be influenced by the multibeam strategies. Even in case of small beam 
offsets the maximum lateral temperature gradients in the upper part of the previous layers can be reduced by about 
10% by using a 150W/50W or a 50W/150W split. For increasing beam offsets the usability of the parameter sets has 
to be examined since the remelted depth decreases which might result in higher porosity. But for a beam offset of 
half a beam diameter the gradients can be reduced by 15% and for an offset of a single beam diameter by about 
25%. While the 150W/50W and 50W/150W split are more effective for low beam offsets, the 100W/100W split 
leads to lower temperature gradients at higher beam offsets. This is because the influence of the 50W beam 
decreases for higher offsets and the 150W beam dictates the melt pool behavior and therefore the temperature field. 
For a partwise heating with temporal synchronization the temperature gradients are decreased at higher surrounding 
temperatures as expected. For a surrounding temperature of 400°C the reduction of the lateral temperature gradient 
is of about 10%. But the reduction for the investigated temperature range is not as high as for the simulated beam 
offsets. 
5. Conclusion  
The simulation results show the influence of different scanning strategies onto the melt pool dimensions and 
dynamics as well as the temperature gradients in the previous layer using two independent but synchronizable beams 
for the selective laser melting process. Both strategies show great potential for the optimization of this process. 
While all strategies tend to reduce the temperature gradients of about 10% to 20% and therefore are assumed to 
reduce the residual stresses, there are some remarkable potentials for the use of small beam offsets in scanning 
direction to increase productivity. As shown, a defined positioning of the beams to each other influences the 
evaporation related vortices and can therefore support the downward streams in the melt pool front so that the 
remelted depth increases. Due to these stronger downward streams the beams can be moved faster because the 
necessary depth can be reached using less energy. The faster scan speed would directly result in an increase of the 
process productivity. The lateral offset shows no direct advantage over the the other strategies since with increasing 
lateral offsets the energy density decreases so that the remelted depth will no more be large enough to guarantee 
dense parts. Furtheron these results have to be experimentally validated to support the simulation results and to 
deduct further optimized parameter sets. An investigation of strategies using two different focus diameters is also 
necessary because these most probably increase the positive influence on the temperature gradients. 
Fig. 5. Simulation results regarding the temperature gradients perpendicular to scanning direction in the upper part of the previous layer. 
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